Plastic embedding of large samples is important for high-resolution three-dimensional (3-D) imaging, and the embedding reagent used plays a key role in the microimaging of biological tissue. [1] [2] [3] To improve the axial resolution in imaging large embedded samples, fluorescence microscopy and electron microscopy are often combined with serial sectioning. [4] [5] [6] [7] Therefore, the embedding resin must have adequate hardness to enable the slicing of thin sections. There are two categories of plastic embedding agents available at present. The first category of embedding resin is epoxy resin, which is cured with acid anhydride under a tertiary amine catalyst. Epoxy is usually used for sample embedding for electron microscopy owing to its high autofluorescence and high polymerization temperature, which quenches fluorescence irreversibly. Thus, it is not suitable for embedding fluorescent samples. [8] [9] [10] The second category of embedding resin is acrylic resin, which is polymerized under an azo-based or peroxide-based initiator and is successfully used in the plastic embedding field because of its low auto-fluorescence and simple embedding technique. [11] [12] [13] [14] Due to the high acidity of some acrylic monomers, substantial loss of fluorescence in endogenous fluorescent samples occurs after acrylic resin embedding. 15, 16 The fluorescence in endogenous fluorescent samples can be preserved perfectly after embedding in hydroxypropyl methacrylate resin, although this embedding technique requires more than two weeks to permeate a whole mouse brain, which greatly limits its application in large sample embedding. 17 In all successful commercialized resins, the fluorescence preservation ratio of GMA (pH 6.0) was the best, and its fluorescence preservation ratio was 70%; in contrast, the fluorescence preservation ratio of Unicryl resin was 51.5%, and the fluorescence preservation ratio of LR white resin was 27.6%. 18 To overcome the fluorescence loss in endogenous fluorescent proteins after acrylic resin embedding, adding organic bases to the acrylic monomers before resin embedding can be beneficial in preserving endogenous fluorescence, although this reduces the degree of polymerization and causes the resin block to become brittle and difficult to section. 18, 19 The fluorescence of resin-embedded samples is reactivated in lye, which is also used to preserve endogenous fluorescence, although longterm soaking in lye results in swelling of the resin. 20 Therefore, it is difficult to maintain endogenous fluorescence and adequate hardness simultaneously using currently available acrylic embedding resin and related embedding techniques.
Reactive embedding hydrogels have been widely used in neuroscience research because they maintain the original morphology of the biological tissue and preserve endogenous fluorescence. [21] [22] [23] Therefore, in this study, we aimed to improve the preservation of endogenous fluorescence and the compatibility between the resin and biological tissue by developing an acrylic embedding resin that formed a crosslinked network structure and had a pH value close to neutral. The epoxy groups on the polymer side chains crosslinked with the residual amino groups of biological tissue, 24, 25 and the degree of polymerization was increased to achieve the appropriate hardness.
The main components of the neutral acrylic embedding resin included glycidyl methacrylate, ethyl methacrylate, and ethylene glycol dimethacrylate. Monomers of glycidyl methacrylate and ethyl methacrylate were mixed with the crosslinking agent ethylene glycol dimethacrylate at a ratio of 6:3:1. Then, 0.2% 2,2'-azobis(2,4-dimethyl) valeronitrile (ABVN) and 0.05% triphenylphosphine were added to the mixture, which was *Address all correspondence to: Shaoqun Zeng, E-mail: sqzeng@mail.hust. edu.cn subsequently stirred magnetically for 20 min (rotor speed 400 rpm), the mixture was then stored in the dark at −10°C. Glycidyl methacrylate and ethyl methacrylate were copolymerized using the radical initiator ABVN to form the rigid main chain, and ethylene glycol dimethacrylate was used as the crosslinking agent to form a crosslinked network structure. The epoxy group of glycidyl methacrylate reacted with the residual amine group of the biological tissue in the presence of the catalyst triphenylphosphine to generate hydroxyl groups (Fig. 1) .
In order to test the preservation of endogenous fluorescence after embedding with the neutral resin, we used brain slices that were 80 μm from the brains of Thy1-GFPM, Thy1-YFPH, and RV-ΔG-DsRed mice to quantitatively compare the same cell bodies in their original and resin-embedded states (Fig. 2) . Eight-week-old male transgenic mice expressing green fluorescent protein (GFP; Thy1-GFPM line) or yellow fluorescent protein (YFP; Thy1-YFPH) were used in this experiment to compare the fluorescence intensities before and after embedding. Eight-week-old C57BL/6J male mice were used for virus labeling experiments, in which an RV-ΔG-DsRed virus was used to label neurons. For this, the C57BL/6J mice were first anesthetized using sodium pentobarbital and then fixed on a 3-D fixing device. Next, 300 nL RV-ΔG-DsRed virus was injected into the mouse motor cortex (A-P: 1.18 mm; M-L: 1.5 mm; D-V: 1.3 mm), determined with reference to the Allen mouse brain map, 26 and the mice were returned to their home cage for 12 days. Samples from the DsRed-labeled C57BL/6J mice were also used to compare the fluorescence intensity before and after embedding. Mice were perfused according to the recommended protocol for the perfusion of mice. 27 Animal care and use were in accordance with the guidelines of the Administration Committee of Affairs Concerning Experimental Animals in Hubei Province of China.
The protocol was approved by the Committee on the Ethics of Animal Experiments of the Huazhong University of Science and Technology (Permit Number: 00027340). All efforts were made to minimize the suffering of the animals. The postfixed mouse brains were rinsed three times with 0.01 M phosphate-buffered saline (PBS) for 8 h each at 4°C in the dark. The tissue was then sectioned into 80-μm thickness coronal slices using a vibrating microtome (Leica, VT 1000 S), and the slices were stored at 4°C in the dark. The brain slices were dehydrated according to the following procedure: 75% tetrahydrofuran (THF) for 3 min, 100% THF for 3 min, and 100% THF for 4 min. The brain slices were then placed in the resin mixture twice for 5 min each time. Two drops of resin mixture were then added to the slides, which were subsequently coverslipped. The brain slices on the slides were polymerized in an oven at 40°C for 8 h. The results indicated that preservation of the three different types of endogenous fluorescence all increased after embedding with the neutral resin. This experiment was carried out to verify the endogenous fluorescence intensity before and after embedding in the neutral embedding resin (n ¼ 5). First, an 80-μm thickness brain slice was placed on a slide and coverslipped. Confocal fluorescence microscopy (Zeiss 780) was then used to image the region of interest. The imaged slices were embedded according to the above procedure, and confocal fluorescence microscopy (Zeiss 780) was again used to image the same region using the same parameters. To quantitatively evaluate the endogenous fluorescence intensity of the tissue before and after embedding in the neutral embedding resin, we used the fluorescence intensity of the soma as an indicator. First, the imaging data were imported into Image J software. Within this software, the rectangular-selection tool was activated, a circular area on the soma was selected, and the histogram tool was then used to measure the average gray value; the average gray value of the soma before embedding was denoted as A, and the average gray value of the soma after embedding was denoted as B. The fluorescence preservation ratio after embedding was calculated as follows: B∕A× 100%. For each group of experiments, we selected 10 somata to evaluate the average gray values. The fluorescence preservation ratios of YFP, GFP, and DsRed were 126.5%, 155.8%, and 218.4%, respectively.
In order to quantitatively evaluate the distortion of the tissue before and after embedding in the neutral embedding resin, we amplified and rotated the embedded image [part of Fig. 2(d) ] to match the image before embedding [part of Fig. 2(a) ] and then we merged these two images based on three pairs of neurons in the two images. Also, we tracked the morphological structure manually and then merged these two tracked images, then selected nine pairs of same branch of nerve fibers and calculated Fig. 1 Polymerization of the neutral embedding resin, and the reaction between the epoxy group of the side chain and the residual amine group of the biological tissue. The structure a is monomer ethyl methacrylate, the structure b is monomer glycidyl methacrylate, the structure c is the crosslinking agent triethylene glycol dimethacrylate, and the protein structure represents the embedded biological tissue.
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106015-2 October 2017 • Vol. 22(10) the Euclidean distance of each pair branch, then multiple measured branch distance of nerve structure and calculated average value, which is 1.91 AE 1.1 μm (Fig. 3) . The distortion degree of the nerve fiber structure was characterized by the average Euclidean distance, the result indicated that the polymerization rate is uniform and the nerve fibers did not appear to be obviously distorted, it means the change of morphological in biological tissue is slight. The whole brain was rinsed in PBS solution for 24 h and then gradient dehydrated at 4°C in the dark as follows: 50% THF for 2 h, 75% THF for 2 h, 100% THF for 2 h, 100% THF for 3 h, and 100% THF for 3 h. The dehydrated brain was then embedded in neutral embedding resin as follows: neutral embedding resin for 2 h, neutral embedding resin for 24 h, and neutral embedding resin for 48 h at 4°C in the dark. Next, the permeated mouse brain was placed in a capsule that was filled with neutral embedding resin. The curing procedure was as follows: 30°C for 8 h, 35°C for 8 h, 40°C for 8 h, and 45°C for 8 h in vacuum and dark conditions. For optical imaging, the resin block of whole brain was sectioned via diamond knife and imaged the flat surface using two-photon microscopy. The results showed that neutral resin-embedded whole brain could be used for optical imaging (Fig. 4) . The neuronal cell body and neurite protrusion structure could be seen clearly.
In this study, the random polymerization of glycidyl methacrylate and ethyl methacrylate was carried out using a free radical initiator to generate a rigid main chain structure. The reaction produced hydroxyl groups through the epoxy group of glycidyl methacrylate reacted with residual amine groups of biological tissue in the presence of the catalyst triphenylphosphine. This reaction improved the compatibility between the biological tissue and the embedding resin. Ethylene glycol dimethacrylate acted as the crosslinking agent to induce the formation of a crosslinked network structure, which was beneficial for improving the registration accuracy of 3-D imaging of large samples by reducing the peristalsis of polymer chains. The main factors mediating the preservation of fluorescent proteins are the conjugated π-electron cloud density of the fluorescent chromophore and its planar rigid structure. 28, 29 GFP and its variants combine with hydrogen ions in acidic environments to reduce the conjugated π-electron cloud density of fluorescent chromophore, and polar solvents and temperature also affect the planar rigid structure of GFP fluorescent chromophore, which could reversibly or irreversibly quench fluorescence. [30] [31] [32] Commercial GMA (2-hydroxyethyl methacrylate: 67 g, nbutyl methacrylate: 30 g, benzoyl peroxide paste: 0.6 g) resin can maintain 70% of the fluorescence of GFP after embedding, representing the best result for a commercial resin embedding reagent. The fluorescence preservation ratio for GFP with the neutral resin was 126.5%, whereas those for YFP and DsRed were 155.8% and 218.4%, respectively. This result could be explained fundamental cause of fluorescence preservation by the pH value of the acrylic monomers, which was 6.38, indicating that in this near-neutral environment, few hydrogen ions could combine with the fluorescent chromophore of GFP or its variants to reduce the conjugated π-electron cloud density to quench fluorescence. In order to prove this point, we adjusted the pH value of the neutral embedding resin through adding acetic acid and then embedded GFP brain slices, and examined the intensity of fluorescence. The method of quantitative analysis of fluorescence preservation ratio is the same as the above method. The shrinkage ratio is similar after the same resin embedding, the results showed that the lower the pH value, the more the GFP molecules in dark state (Fig. 5) . The commercial resins LR white (pH 4.80) and Unicryl (pH 5.12) quench endogenous fluorescence because the pH of these monomers is acidic. To solve the problem of endogenous fluorescence quenching after resin embedding, an organic base can be added to the commercial resin, and the polymerization inhibitor 4-methoxyphenol can be removed from the monomers to increase the pH value. However, this method leads to a low degree of polymerization and disrupts polymerization when the content of ethanolamine is more than 1‰, and the resin block becomes brittle and difficult to section. 18, 19 Alternatively, the fluorescence of the embedded sample can be reactivated in lye; however, this method reactivates the fluorescence of biological tissue on the surface of the embedding resin rapidly, whereas reactivation of the fluorescence inside the embedding resin takes several days. Depolymerization and swelling of the resin occur after several days of lye immersion, causing the resin to become soft. 20 In contrast with the above methods, the endogenous fluorescence preservation ratio after embedding of the neutral resin was almost twice that of commercial resin GMA, and the resulting samples had adequate hardness (shore hardness: 78-80 D) for sectioning of large samples. The following main factor has increased the signal intensity and capacity: the shrinkage ratio of biological tissue is about 20% to 30% after dehydration, and this would cause obvious aggregation of the fluorescent molecules. 33 The results from two-photon fluorescence microscopy imaging showed that the fluorescence signal and neuronal fiber structure were well preserved with the neutral resin, and the neuronal fibers were not distorted. Thus, the reaction rate was uniform, and this method could be applied for the embedding of large samples.
In summary, we developed a neutral embedding resin that could be used to preserve endogenous fluorescence and adequate hardness, without the requirement for adding an organic base to adjust the pH value of monomers before polymerization or reactivate fluorescence in lye after polymerization. Accordingly, our findings demonstrated that this resin may have applications in the embedding of large samples for fluorescence imaging.
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